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Abstract 
In the past few years, process monitoring of drilling processes using force and vibration signals has successfully been established. However, 
only few investigations were performed in the monitoring of chip breakage and chip transportation, while in gun drilling these properties are 
more relevant to ensure process robustness and performance than force and vibration. This paper presents a new monitoring approach of chip 
frequency and transportation for gun drilling processes using infrared light reflection next to the drilling bush. Gun drilling is a high 
performance cutting process used for small diameter and large aspect ratio drilling operations in the field of automotive, aeronautic, power 
generation and medical devices. The usage of new harder materials for future products increases the challenge of proper chip transportation and 
raises the need of chip monitoring being able to operate with economically acceptable parameters. The approach of optical chip detection 
highlights the opportunity of detecting chips smaller than 1 mm and velocities in axial direction of more than 16 m/s clearly and suggests new 
characteristic values to be used for process validation. For implementing the measurement principle a new sensor is designed. In addition, the 
opportunities of future data analysis and detection of characteristic values are explained. 
© 2014 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of the International Scientific Committee of the 6th CIRP International Conference on High 
Performance Cutting. 
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1. Introduction 
The decrease of drilling diameters by remaining constant 
drilling depth is a technical feature of products for increasing 
its efficiency and reducing weight or size of the overall 
system. One of the most popular examples describing this 
cause-effect relationship are combustion engines [1]. The
innovations in this area for increasing the efficiency are 
characterized by measures to increase the injection pressure 
towards p = 2000 bar. For technical realization the drilling 
diameters are reduced to smaller than Dd = 2 mm and new, 
harder workpiece materials are used. The usage of small 
diameter tools increases the risk of tool breakage and might 
cause complex rework or destruction of the whole workpiece. 
Hence, in industrial applications it is common to process with 
conservative process parameters that do not exploit the real 
potential of the gun drilling process. The efforts to enable 
more economic processing by keeping the same quality 
features of workpieces require process monitoring and control 
technologies for ensuring robustness and stability for all states 
of the machining process and tools wear status. 
The following article presents a new approach of chip 
detection that raises the opportunity of detecting chips smaller 
than Lch = 1 mm and velocities in axial direction of more than 
vch_ax = 16 m/s clearly. Therefore the state of the art of process 
control for gun drilling and current developments of chip 
monitoring are presented to identify the need of an extensive 
sensor concept. A new sensor concept for chip transport 
monitoring is presented and first results of a prototype show 
the performance of this development. Finally, opportunities of 
data analysis to generate characteristic values for an improved 
process control are discussed. 
© 2014 Published by Elsevier B.V. Open access under CC BY-NC-ND license. 
Selection and peer-review under responsibility of the International Scientific Committee of the 6th CIRP International Conference 
on High Performance Cutting
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Nomenclature 
Δtdet Time difference between chip detection 
BTA Boring and Trepanning Association 
Dcr  Diameter of cross holes 
Dd  Drilling diameter 
dsens  Distance of two sensing stages 
fdaq  Sampling rate 
frot  Tool rotation frequency 
Lch  Chip length 
Lchmin  Minimum chip length 
ntool  Tool rotation 
p  Coolant pressure 
rover  Overlap ratio 
t  Time 
tch-ch  Chip-to-chip-time 
tdch  Duration of chip detection 
tres  Response time of sensor 
trot  Time of one tool rotation 
TIA  Transimpedance amplifier 
vch_ax  Velocity of chips in axial direction 
Vout  Voltage Output 
 
2. Need  for innovative sensor concept for chip transport 
monitoring 
Current research activities within the Cluster of Excellence 
“Integrative Production Technology for High-Wage 
Countries” focus on the development of new model-based 
control strategies for manufacturing processes. One case study 
is the development of a multi-criteria and self-optimized gun 
drilling process. Objective values are motivated from 
economical, quality and technological point of view.  
As the application of control strategies indicates, the 
quality of control depends on the suitability and quality of 
provided sensor signals. The gun drilling process is, caused by 
an one axis movement, not complicated in kinematics, but 
some special features as the mounting of a drilling bush in 
front of the drilled hole, limit the implementation of sensors 
and restrict the machine operator to evaluate the process. 
Additionally, for most sensors the use of high pressure 
coolant acts as a disturbance variable, reduces signal-to-noise-
ratio and implicates high dynamics to the measurement signal.  
2.1. Adaptive control strategies in gun drilling 
The gun drilling process is limited by several factors as the 
most important are tool load, chip formation and chip 
transport [2, 3, 4]. The tool load is composed of cutting force 
components as described in Jung & Ke [5] and dynamic 
components caused by vibration as described by Kersting [6]. 
The chip formation and chip transportation are responsible for 
a safe material transport from the cutting point through the 
bead to the drilling bush. Caused by the limiting space of the 
bead and high aspect ratios, chip jams are influencing the 
process stability, might cause tool breakage and influence 
negatively the surface quality of the drilled holes. Regarding 
the limiting factors, in 1977 Rohs [7] already defined five 
potential objectives for adaptive control systems in gun 
drilling that are unchanged until today: 
x Prevention of tool breakage 
x Reduction of primary processing time 
x Chip formation monitoring 
x Prevention of chatter vibrations  
x Adjustment to tool wears behavior 
Complicating the control, the boundary conditions of the 
gun drilling process are changing by influences as tool wear, 
hardness gradients of the workpiece and material transitions. 
Wirtz [2] implemented an axial force control keeping the 
axial force on a constant and predefined level by manipulating 
the feed rate. This approach was extended by an adaptive 
model based control strategy with smith predictor to increase 
the dynamic of the control loop. The experimental results 
showed that axial force control is able to compensate high 
dynamic disturbances, prevents tool breakage and reduces the 
primary processing time by increasing the feed rate when tool 
load is below the predefined level. The influence of the tool 
wear to axial force is compensated as well. On the other side 
the approach of constant tool load does not consider the 
influence of tool wear and processing parameters to resulting 
chip formation and transport [8, 9]. The increase of feed rate 
might cause chip jams that are finally compensated by the 
control reducing the feed rate again, so that the process is 
changing between high and very low feed rates. Another 
factor limiting the opportunities of industrial application is the 
workpiece sided mounting of force dynamometer used by 
Wirtz that requires a gap between workpiece and drilling bush 
ensuring that no force is introduced by the drilling bush to the 
measurement system. Tool sided dynamometers and spindle 
integrated force sensors presented by Byrne [10] for drilling 
are suitable tools to close this gap for industrial applications. 
But at this time no adapted systems for gun drilling, especially 
for small diameters are available for purchase.  
Kersting [6] implemented an adaptive vibration damping 
system for the gun drilling process to prevent chatter. The 
result of the control loop consisting of an accelerometer, a 
dynamometer, a controller and a damping system, using 
magnetorheological fluid, showed that this system is suitable 
for the reduction of chatter changing the damping properties. 
By this the dynamic tool load was reduced and the surface 
quality of the drilled holes was improved.  
As the developments show, the existing control strategies 
deal with four of five objectives defined by Rohs, but the 
objective to adjust the tool wears behavior is only observed in 
direction of tool load. The aspect of chip formation is by 
today not implemented to control strategies of the gun drilling 
process.  
2.2. State of the art of chip monitoring 
The easiest way of chip monitoring in gun drilling 
operations is to use already installed sensor systems that 
measure process values as force, effective power or vibration. 
By analyzing the signals indirect information about the chip 
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breaking frequencies can be extracted. The disadvantage of 
this method is the decrease of signal-to-noise-ratio with 
decreasing tool diameter and inhibits the application for these 
use cases. The application of procedural measurement 
systems, as it is established for BTA drilling processes is by 
now not common for the gun drilling process. The chip 
transportation through the rotating bead complicates at this 
point the sensor construction. Nonetheless, some test setups 
with chip deflectors were implemented, which provide the 
frequency of chips leaving the drilled hole.  
The chip deflector implemented by Weinert, Löbbe & 
Webber [11] was fixed by springs in front of the drilled holes 
exit. The use of an accelerometer mounted on the back of the 
deflector acquired the impact of the chip-coolant mixture and 
adequate filter strategies extracted the impact of single chips. 
The measurable variable was the chip-to-chip-time tch-ch. The 
weights of chips have a significant influence to the signal-to-
noise-ratio: If chips are too small and light weight, the reliable 
detection of chips is not possible. Another similar approach is 
the application of an acoustic emission sensor instead of an 
accelerometer [2], see Fig. 1. 
This setup enables the detection of light weight chips, as 
the impact of metal to the deflector causes another 
characteristic acoustic emission signal than the impact of 
fluids. However, the amplitude does not indicate the weight of 
the chips, because the chip orientation and the damping 
caused by coolant influences the signal. The usable value of 
this sensor is again the chip-to-chip-time tch-ch.  
2.3. Interim summary 
The previous sections describe that powerful control 
strategies are already implemented to gun drilling processes 
 
Fig. 1. Chip deflector with acoustic emission sensor by Wirtz [2] 
 
Fig. 2. Mounting of new sensor concept 
of small diameters, but also indicate that the chip formation 
and chip transport are not observed by these strategies. The 
investigation of existing chip monitoring systems shows that 
the missing of chip control is caused by inadequate 
measurement values or insufficient performances of the 
measurement systems for gun drilling of small diameter holes. 
There is obviously a need for the development of suitable 
monitoring systems for chip formation and transportation. 
3. Prototype sensor for high speed chip monitoring of 
small diameters  
3.1. System description of sensor concept 
The new sensor concept picks up the idea of detecting 
chips leaving the drilled hole, but improves the setup by 
implementing the sensor concept directly into the drilling 
bush holder, see Fig. 2.  
By mounting the sensor in the back of the drilling bush 
acting as an elongation of the bush, the chip-coolant-mixture 
is still focused. In contrast to the widened beam behind the 
escape that is separated to single drops of different size, 
movement direction and velocity, the focused beam is 
characterized by small disturbances.  
The sensing principle is based on the reflection of infrared 
light from the gun drill surface. Caused by the tool rotation a 
characteristic reflection pattern will be generated per 
revolution. If a chip is transported through the bead and 
passes the sensor, the pattern is disturbed. The choice of an 
optical principle for chip detection provides several 
advantages compared to other measurement principles: 
x Light velocity enables detecting of fast objects 
x Electromagnetic fields and machine vibrations do not act 
as disturbance values  
x A local focus of measurement point can be established 
The decrease of drilling diameter increases the importance 
of these advantages as the signal-to-noise-ratio of common 
sensor principles as force is also decreasing with decreasing 
diameters. On the other side, optical measurement of 
reflection raises some challenges to the implementation and 
has some disadvantages: 
 
Chip deflector
Accoustic emission
sensor
Accoustic
Emission
Chip
Work piece
Drilling bush
Dummy Sensor Einbau
Sensor 
Drilling 
bush
Work piece
Drilling 
bush holder 
Gun drill
463 F. Klocke et al. /  Procedia CIRP  14 ( 2014 )  460 – 465 
 
Fig. 3. Prototype design of an optical chip detector 
x Light has to be conducted to and from the measurement 
point  
x Properties of surfaces have influence to reflection, 
x Light conductors are sensitive components, 
x Chip detection requires intelligent signal analysis with 
pattern identification  
x Sensors have to be prepared for specific drilling diameters  
In Fig. 3 the prototype sensor design of an optical chip 
detector is presented that ensures the verification of the 
sensing principle and the estimation of sensing performance. 
The prototype sensor consists of a hexagon housing which is 
prepared with a longitudinal hole of the same diameter as the 
drilling bush. According to the hexagonal arrangement, two 
cross holes are manufactured to two surfaces that are 
positioned adjacent to each other. The cross holes are 
prepared with glass fiber serving as light conductor. The light 
source is an infrared LED mounted in front of one cross hole. 
In front of the other cross hole a photodiode is mounted.  
As the prototype design shows, chips that pass the sensor 
while the bead is averted from the cross holes will not be 
detected. For implementing the complete sensor, being able to 
detect 100 % of chips, cross holes will be manufactured to the 
remaining surfaces and light sources and light detectors will 
be mounted alternating in front of the optical fibers, see  
Fig. 4. 
3.2. Performance test of sensor 
For the experimental setup a prototype sensor with a 
drilling diameter of Dd = 2 mm was manufactured and an 
electronic circuit for the light detector was designed. Before 
the sensor was implemented to the gun drilling machine, some 
tests were done to estimate the performance of the electronic 
 
Fig. 4. (a) Complete Sensor design; (b) CAD model 
circuit concerning response time and to verify light reflection 
as suitable measurement principle.  
In this experimental setup the signal of the photodiode is 
amplified in first stage by a TIA and in second stage by an 
inverting operational amplifier. Photodiodes are high speed 
light detectors but their natural sensitivity is low if the 
electronic circuit does not provide special features as the 
application of reverse bias, as implemented in the presented 
experiments.  
The required sensor speed depends on the drilling diameter 
and the associated coolant pressure: The smaller the drilling 
diameter, the higher is the needed coolant pressure for chip 
transportation and the higher the coolant pressure, the higher 
is the axial chip velocity. Experiments by Wirtz [2] identified 
for drilling diameters of Dd = 2 mm axial chip velocities in the 
range of vch_ax = 16 m/s. For estimating the maximum 
permissible response time of the sensor system to assure the 
detection of all chip sizes, the smallest occurring chips are 
relevant. Estimating the minimum chip length Lchmin is half of 
the drilling diameter, for Dd = 2 mm the minimum chip length 
is Lchmin = 1 mm. The diameter of cross holes and optical fiber 
is Dcr = 0.9 mm. In Fig. 5 the different states of chip in front 
of the optical fiber are shown. The theoretical duration of 
detection tdch is the sum of chip length and cross hole diameter 
divided by the axial chip velocity. Defining the requirement 
that the duration of detection should be measured with an 
accuracy of plus-minus 5%, the response time tres is limited to 
5% of the duration of detection, see formulae (1). 
 
(1) 
In the case of Dd = 2 mm the maximum response time of 
the sensor is limited to tres = 5.937 μs. The data acquisition 
should be set to a minimum sampling rate of fdaq > 336 kHz 
following the Nyquist criterion. Thus, in the following the 
sampling rate is set to fdaq = 500 kHz. The first test evaluates 
the performance of sensing speed. To do so, an infrared high 
speed LED was directly faced towards the photodiode and 
driven in flashing mode. Fig. 6 shows the step response of the 
circuit’s voltage output Vout to a switch-on process of the 
LED.  
 
Fig. 5. Chip in front of the optical fibre 
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Fig. 6. Speed measurement of the electronic circuit 
To fulfil the Nyquist criterion, in the inverting 
amplification stage a low-pass-filter with a cutoff frequency 
of 200 kHz was implemented by the combination of resistor 
and capacitor in a feedback loop. As the signal shows, the rise 
time to 90 % of maximum output of the circuit is 4 μs and 
thus limited by the filter’s cutoff frequency. For testing 
smaller response times the cutoff frequency would have to be 
increased. Nevertheless, the result meets the requirements 
concerning sensing speed for drilling diameters of Dd = 2 mm.  
The evaluation of the sensor principle was done by setting 
up the complete prototype sensor outside of the machine tool. 
Manually turning of the gun drill confirmed the functionality 
and showed that characteristic reflection intensities occur, 
depending on the rotation angle of the drilling tool. The 
introduction of chips to the measurement point in the bead 
was disturbing the reflections significantly. The application of 
coolant to the sensing point increased the stability of sensing 
and intensity of reflection. This is achieved by the better 
refraction index matching of fiber optic and the medium in the 
drilling bead.  
3.3. Machine tool integration of sensor 
In the following the sensor was implemented to the gun 
drilling machine tool TBT ML 200. Therefore, the sensor 
housing was integrated to a modified drilling bush holder and 
modified drilling bushes without threading chamfer were 
used, see Fig. 7. Removing the threading chamfer ensures that 
there is no edge in the transition from drilling bush to the 
sensor that influences the smooth transportation of chips.  
In Fig. 8 the characteristic reflection pattern is shown, that 
was measured with a tool rotation of ntool = 11000 rpm and 
activated coolant, but a feed rate of vf = 0 mm/min (idle 
mode). A repetitive signal pattern is generated by the tool 
revolution. 
 
Fig. 7. (a) Drilling bush holder and sensor housing; (b) Drilling bushes with 
and without threading chamfer 
 
Fig. 8.Voltage output Vout caused by light reflection in idle mode 
The distance between the pattern identifies a rotation time 
of trot = 0.00545 s that is in accordance to the tool rotation of 
frot = 11000 rpm. Fig. 9 shows a similar signal section in 
drilling mode with a feed rate of vf = 70 mm/min. The center 
pattern in Fig. 9 is influenced by the passing of a chip. The 
signal enables the clear identification of the chip entering the 
measuring point and leaving the measurement point. While 
the chip is in front of the sensor, the signal is characterised by 
small peaks which are up to now not identified. Nevertheless, 
the high signal-to-noise-ratio and the detecting speed 
highlight the potential of this monitoring approach. 
3.4. Outlook to data analysis and characteristic values 
As the experimental integration of the prototype sensor 
confirms, the sensor principle is able to detect chips leaving 
the drilled hole, but is at the same time only able to detect the 
chips that are faced to the optical fibers. Extending the 
prototype to the complete sensor concept will enable a 100 % 
detection of chips. Obvious opportunities of signal analysis 
will be the statistical analysis of chip-to-chip-time and the 
statistical analysis of duration of detection caused by single 
chips. The duration of detection can be used for the estimation 
of relative chip lengths, but not knowing the absolute axial 
velocity of each chip will result in errors if chips have 
different axial velocities. Methods of measuring the absolute 
axial velocities of each chip would avoid these errors and 
would additionally enable the estimation of the absolute chip 
length by analyzing the relation of axial velocity and duration 
of detection. In the following, for the measurement of axial 
chip velocity two methods are presented. The first and most 
accurate method is the implementation of a two-stage sensor 
by installing the presented sensor concept two times in a 
series. By knowing the distance of the two stages dsens and the 
time difference between chip detection Δtdet, the axial velocity 
can easily be calculated, see formulae (2).  
 
Fig. 9. Voltage output Vout caused by light reflection in drilling mode 
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Fig. 10.Approach of analyzing axial velocity of chip by the fall time 
(2) 
On the other hand, the fact that this approach will need six 
more glass fibers and the double of electronic hardware makes 
this method unattractive for implementation. Another method 
is the analysis of the time from start of detection until 
reaching the maximum overlap, see Fig. 10. By knowing the 
diameter of the cross hole Dcr and the fall time tfall, in theory 
the axial chip velocity will also be able to be calculated, see 
formulae (3).  
 
(3) 
This approach does not need the installation of additional 
hardware and would be preferred if reliable. For the practical 
application the reliable measurement of the fall time has to be 
confirmed by further experiments. Therefore, a two stage 
prototype sensor can be used. The analysis of the signals with 
both methods will estimate the accuracy.  
Summarizing, the full implementation of the sensor will be 
able to measure the following four values:  
x Axial chip velocity vch_ax 
x Chip length Lch 
x Chip-to-chip-time tch-ch 
x Detection duration tdch 
The statistical analysis of measurement values raises new 
opportunities of key values, see Table 1.  
Table 1. Examples of key values and technological background 
Key value Technological background 
Maximum and minimum chip length  Critical chip length 
Chip velocities  Quality of chip transport, friction  
Chip-to-chip-time  Detection of chip jams  
Variance of chip length Stability of the process 
Trend of chip length Conclusions to tool wear 
In the future, experiments have to be realized to confirm 
the reliable measurement of these values. 
4. Conclusions 
The article presented a new optical sensor concept for chip 
transport measurement. To validate the measurement principle 
and the developed hardware capability, a prototype sensor 
was implemented and tested. New features of the system are 
high signal-to-nose-ratio, high detecting speed and the 
usability for small diameter drilling operations. In the 
following, concepts for data analysis and key values were 
discussed. Future tasks have to be the implementation of the 
complete sensor system for the validation and calibration of 
presented analysis concepts. If it succeeds to implement the 
complete sensor system in a reliable manner, the sensor 
concept will offer new opportunities of process monitoring 
and control of gun drilling processes with respect to the 
critical objective of chip transportation.  
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